1964) consistently reveal the detachment of membrane are embedded in the nuclear envelope (NE) and spindle cisternae, often described as ER like, from the nuclear MTs form within the nucleus. This is a "closed" mitosis. periphery, without extensive vesiculation. While these two In higher cells, the mitotic spindle is a cytoplasmic strucviews of nuclear membrane breakdown are mechanistiture, and consequently, for mitotic chromosomes to cally quite distinct, the notion of intermixing of nuclear align at the spindle equator, the NE must be either parmembrane components with bulk ER during prophase tially or completely dispersed.
Figure 1. The NE Develops Centrosome-Containing Pockets or Invaginations during Prophase
Indirect immunofluorescence microscopy of prophase and prometaphase NRK cells. In (A) and (B), the cells are labeled with antibodies against lamin A and the INM protein, lamina associated protein 2 (LAP2). In (C) and (D), labeling is with antibodies against lamin A and the NPC protein, Nup153. In all cases, cells were labeled with Hö chst dye to reveal the DNA. The pockets or invaginations within the NE (arrows) persist through prometaphase (B, D, and N-P). In (C), the arrowhead indicates a region of the nuclear periphery, outside of the invaginations, from which the NE has been lost. plasmic dynein, and components of its associated regucondensation is a gradual process that is not completed until after NEB, an event that marks the transition to latory complex, dynactin, may localize to the NE (Busson et al., 1998; Gö nczy et al., 1999; Reinsch and Karsenti, prometaphase. During this same period of prophase/ prometaphase, paired centrosomes separate to form 1997). However, no functional relationship between dynein and NEB has ever been made. In this manuscript, the poles of what will become the mitotic spindle. Immunofluorescence microscopy reveals that shortly after the we demonstrate that deformation of the NE during prophase is indeed dependent upon dynein/dynactin. We start of prophase, the NE develops a pair of pockets or invaginations. This phenomenon may be observed propose a model in which the gross changes in NE morphology that occur during prophase/prometaphase, employing antibodies against a variety of NE components including lamin A ( Figures 1A-1D , 1K, and 1L), including disruption of the nuclear membranes, can be accounted for entirely by the action of NE-associated NPC proteins such as Nup153 ( Figures 1C and 1D 1M-1P ) or an antibody against HsEg5, a spindle-associated kinesin Mitotic prophase begins with the appearance of condensed chromosomes within the nucleus. Chromatin ( Figure 1L ), in combination with antibodies against either lamin A or LAP2, reveal that each of the two invaginations contains a centrosome ( Figures 1K-1P) . Analyses of prometaphase cells show that NEB and loss of NE constituents starts in regions that are at some distance (up to 5 m) from the centrosomes. This is particularly obvious in Figure 1C where NEB has commenced at one pole of the nucleus where there is a clear loss of rim staining for both lamin A and Nup153. Confocal microscopy combined with anti-LAP2 labeling ( Figures 1E-1J ) provides a similar picture of NEB occurring at regions of the NE that do not actually form part of the invaginations (arrowheads in Figures 1H-1J Figure 1K ). The implication is that prophase NE dynamics are linked to the MT cytoskeleton.
(E)-(J) are deconvolved images of prophase (E-G) and prometaphase (H-J) NRK cells. Labeling is with anti-LAP2 (red) and Hö chst dye (blue). These panels document the development of deep NE invaginations as cells progress from early (E)
to
Disruption of Microtubules Delays NEB
It is well established that NEB can take place in cells treated with MT-disrupting agents such as nocodazole. Nevertheless, MTs do play a facilitative role in NEB. To demonstrate this, we examined NEB in cells that had been synchronized using a thymidine block. As a wave of cells entered mitosis, nocodazole was added to the medium for 10 min. The cells were then fixed and processed for microscopy employing antibodies against lamin A and LAP2 (Figures 2A-2E ). Both control and nocodazole-treated cells, with chromatin morphology characteristic of prophase or prometaphase, were scored for NEB. This was defined as the presence of visible gaps in LAP2 labeling at the NE and failure to retain lamin A in the nucleoplasm (evident within the interstices between the condensed chromosomes). As shown in Figure 2F , only about 24% of prophase/prometaphase cells in the nocodazole-treated culture exhibited NEB, whereas the percentage in control cells Figure 5C ) as well as associated with the NE remnants that persist in the vicinity of the centrosomes ( Figure 5D ). Figure 5B ). Thus, dynein is present on the NE at the appropriate time to drive the movement of NE components toward the centrosomes leading to the formation of the NE invaginations and ultimately to NEB. The association of dynein with the NE can be reproduced in vitro. Figure 5H reveals that dynein concentrates at the periphery of rat liver nuclei incubated for 30 min at 34ЊC in mitotic but not interphase CHO cytosol. This observation was backed up by immunoblot analysis of nuclei and cytosol both before and after incubation ( Figure 5I ). These findings reinforce the notion that dynein undergoes a cell-cycle-dependent recruitment to the NE and further implicate dynein as a potential mediator of the NE rearrangements that are a prelude to NEB in prometaphase. At the same time, the NE could potentially contribute to centrosome movement by providing As revealed by immunofluorescence microscopy, overures 1, 3, and 4). Withdrawal of nuclear membranes toward the centrosome would also account for the disexpression of p62 was found to cause an obvious decline in NE-associated dynein in prophase BHK cells appearance of NE components from regions outside of the invaginations (Figures 1 and 4) as well as for the ( Figures 6A-6E ). On average, this decline is reflected in a 3-fold reduction in NE-specific fluorescence intensity retention of NE components in the vicinity of the centrosomes during prometaphase (Figures 1 and 2) . Analysis of prophase BHK cells employing antibodies the interactions between the NE and centrosome-associated MTs involves the participation of dynein/dynacagainst lamin A and LAP2 revealed that overexpression of p62 caused an 8-fold decline in the appearance of tin. All told, the effect of p62 overexpression on nuclear morphology was qualitatively similar to that of nocodacentrosome-containing NE invaginations ( Figure 7M ). We defined these operationally as NE pockets with a zole treatment (Figure 2) . In a series of related experiments, overexpression of length to width ratio greater than one. Such quantitation is simplified in BHK cells since the invaginations tend a second dynactin subunit, p50/dynamitin (Echeverri et al., 1996) was also found to give rise to prophase BHK to form on the side of the nucleus (Figures 7A-7D) Figures 7J-7M ). At the same time, we and 3). We found that nuclei in prophase BHK cells overexpressing p62 adopted at best, a dimpled or "kidobserved only a marginal effect of p50/dynamitin overexpression on NEB ( Figure 7M) . However, the interpretaney bean" shape ( Figures 7E-7G) . This clearly suggests a role for dynein/dynactin in NE dynamics during protion of these results is complicated by the fact that in contrast to p62, overexpression of p50/dynamitin phase. The frequent appearance of nucleoplasmic lamin A (e.g., Figure 7F ) also indicates that NEB was delayed strongly interferes with centrosome assembly (Young et al., 2000), resulting in loss of MT focusing (Quintyne et relative to lamina disassembly. In fact, the percentage of premetaphase cells in which NEB has clearly occurred al., 1999). Thus, the failure to form NE-invaginations in this case might simply reflect the absence of functional declines by a factor of about two following p62 overexpression ( Figure 7M ). The fact that we can see such centrosomes. Loss of MT focusing in cells overexpressing p50/dynamitin is also associated with an inhibition an effect is further consistent with the view that p62 overexpression does not dramatically affect spindle of mitotic progression, meaning that any p50/dynamitinmediated delay in NEB would be overshadowed by an function. Were this to be the case, then we would predict that p62 overexpression should cause an arrest in proaccumulation of prometaphase cells during the time course of the experiment ( Figure 7M ). Nevertheless, metaphase, ultimately leading to an increase in the percentage of premetaphase cells featuring NEB. Of equal these p50/dynamitin overexpression results do reinforce the view that dynein-and/or centrosome-focused significance was the observation that there was little or no clustering of NE remnants around centrosomes once MTs must play a central role in NE dynamics during prophase. Clearly, we can not unequivocally rule out the NEB did occur (Figures 7H and 7I ). This indicates that is mediated by NE-associated dynein. In this way, rather than piercing the nuclear membranes, MTs are employed to literally pull them apart ( Figure 7N ).
Discussion

MT-Dependent Tearing as a Mechanism for NEB
The results described here highlight the role that MTs play in the rearrangements of the nuclear membranes during prophase. The key observations are as follows: (1) separating centrosomes become localized within deep invaginations within the nuclear membranes during early prophase in an MT-dependent manner; (2) NEB is delayed by the MT disrupting drug nocodazole; (3) cytoplasmic dynein and dynactin complex components concentrate on the NE prior to the formation of the centrosome-containing invaginations; (4) initial loss of nuclear membranes occurs in regions of the NE that lie beyond the invaginations; and (5) overexpression of the dynactin complex component p62 interferes with the association of dynein with the NE, prevents the formation of NE invaginations, and retards NEB. Taken together, these observations suggest a model ( Figure 7N ) in which NE-associated dynein and centrosome-focused MTs facilitate the disruption of the nuclear membranes. In this scheme ( Figure 7N) , dynein, attached to the cytoplasmic face of the prophase NE, serves to pull nuclear membranes and other NE components toward the minus end of astral MTs. This has two consequences: (1) NE components concentrate around the centrosomes as the cell progresses through prophase; this results in the formation of an invagination (or "hof" as described by Robbins and Gonatas [1964] ) with a centrosome at its center. (2) Minus-end-directed movement of NE components toward the centrosome results in the withdrawal of nuclear membranes from other regions of the nuclear periphery, leading to NEB.
Our model predicts that as a cell progresses through prophase, the NE should be placed under tension due to form a much larger gap in the nuclear membrane due to tension across the nuclear surface combined with loss of structural support as the lamina depolymerizes. possibility that overexpression of p62 or p50 has some unanticipated dynein-independent effects on prophase It follows then that nuclear membrane breakdown should be a catastrophic process that is initiated pernuclear morphology. However, the simplest interpretation of all of the findings presented here suggest a model haps at a single point on the nuclear surface. Indeed, Figure 7N) , and that this movement that nuclear membrane breakdown involves the rapid
Beaudouin et al. (2002) have demonstrated in live cells in which NEB is driven by poleward-directed movement of NE components (
Figure 7. GFP-p62 Overexpression Inhibits the Formation of NE Invaginations in Prophase BHK Cells and Retards NEB Nontransfected prophase BHK cells (A-D, J, and K) develop obvious NE invaginations revealed by labeling with an antibody against lamin A (red) and Hö chst dye (blue) or with antibodies against Nup153 and LAP2. Overexpression of GFP-p62 (E-G) results in an 8-fold reduction in the number of prophase cells with NE invaginations (M). The majority of nuclei adopt no more than a "kidney bean" shape (E-G, arrowheads). At the same time, the number of premetaphase cells undergoing NEB is reduced by a factor of two (M). When NE breakdown does occur, there is little or no LAP2 (red) clustering in the vicinity of centrosomes (compare H and I). Overexpression of p50/dynamitin (p50/dnm) effectively abolishes the formation of NE invaginations (L and M). In (M), a total of approximately 200 cells, originating from four independent experiments
(three in the case of p50/dnm), were scored in each category (Ϯ SD). The differences between nontransfected (Non-Tr) and p62-overexpressing (p62 OX) cells are considered statistically significant (X 2 p Ͻ 0.001). Similarly, the low frequency of NE invaginations in cells overexpressing p50/dynamitin (p50/dnm OX) is also significant relative to Non-Tr. The role of dynein, MTs, and centrosomes in nuclear membrane dynamics in early mitosis is outlined in (N). We propose that NE-associated dynein interacts with astral MTs, pulling NE components toward the centrosome, gradually forming a deep pocket or invagination. Withdrawal of NE components into this pocket results in disruption of the NE, potentially by causing the catastrophic expansion of nuclear membrane fenestrae created by NPC disassembly. For simplicity, only one of the two centrosomes is shown in the model. of that could accomplish this are NPCs. All other proteins or protein complexes that are known to be exposed remarked (Roos, 1973 ) that during prophase in PtK2 cells "….no trace of MTs is found in the nucleus, and on the cytoplasmic face of the NE are common to the ER. A priority will be to perform immuno-EM analyses the MTs do not penetrate the intact NE". Robbins and Gonatas (1964) described sharp membrane projections of prophase cells to determine whether there is in fact an association between dynein and NPCs in situ. extending from the NE toward the centrosomes in prophase HeLa cells. The formation of these projections Our data favor the view that both dynein-dynactin and astral MTs play a facilitative role in NEB. However, they can be most reasonably accounted for by the action of an NE-associated-minus-end-directed motor. In conare clearly not essential. NEB still occurs in nocodazoletreated cells (Nusse and Egner, 1984), although the protrast, it is hard to envisage how MTs simply pushing against the NE could induce such a phenomenon. In cess is delayed relative to nuclear lamina disassembly and chromatin condensation. Similarly, microsurgical related studies, Zeligs and Wollman ( elegans embryos, and that it is required for nuclear migration. FurConclusion thermore, they suggest that NE-associated dynein may interact with astral MTs to drive the movement of centroOur suggestion that NEB is facilitated by NE-associated somes relative to the surface of the nucleus. In this way, dynein-dynactin will account for all of the documented NE-associated dynein could function in centrosome changes that are observed in prophase and prometaseparation. A similar scheme has been proposed in Drophase. We have been able to demonstrate that dynein sophila early embryos (Robinson et al., 1999 
Experimental Procedures
In addition, we have found that dynein in mitotic, but 
